Growth media alternatives for mine refuse cap and cover systems
INTRODUCTION
In the Appalachian region of the United States, the availability of topsoil -an essential material for surface mining reclamation -is limited, so finding effective substitutes are critical to reclaim the region's mine spoils. This report focuses on three topsoil substitutes: the application of papermill sludge, sewage sludge and lumber mill waste. These methods were chosen because they appear to be three of the most effective ways for promoting long-term, self-sustaining vegetation and addressing the most immediate problem of Acid Mine Drainage (AMD). AMD comes from the exposure of metal sulfide minerals to oxygen and water such as pyrites and other sulfide ores (Akcil & Koldas, 2006; Wurzburger & Overton, 1997) . According to the Environmental Protection Agency (EPA), AMD mainly comes from abandoned coal mines and active mines.
The purpose of this report is to perform a comprehensive literature review of scientific research to reclaim and revegetate the Royal Scot site, which, until now, remains an abandoned coal refuse pile. The EPA describes coal refuse as waste products of coal mining, physical coal cleaning, and coal preparation operations containing coal, matrix material, clay, and other organic and inorganic material.
The objective of this report is to identify what methods and techniques might be the most effective in establishing a growth base for native grasses, an important part of the revegetation, in general, and specifically, the reclamation process. It also considers the possible ways of shifting from the current AMD mitigation approach to a source control approach, which is believed to be the most economical solution. Revegetation refers to the process of planting bare areas (raw mineral soils) to perennial plants and less often annual plants (USDA, 2005) . This report draws from several articles that offer information about the case study (Royal Scot site) and information about best practices to revegetate shale. It details the strengths and limitations of the application of papermill, sewage sludge and wood residue in terms of addressing the issues and accomplishing the long-term goals at the Royal Scot project. The first section of this report provides a background of the project and this report. The second section outlines the literature review related to papermill sludge, sewage sludge, wood residue and their
BACKGROUND OF ROYAL SCOT PROJECT

Royal Scot Site
Royal Scot Minerals, Inc. was a coal company in Greenbrier County, West Virginia, USA ( Figure 1 ) that had mine permit that covered more than 400 acres. It is the operator of the Anjean mines, which started extracting coal in 1925. Coal refuse is a by-product resulting from the ore separation process, mainly composed of rock fragments and a small amount of coal (D'Appolonia, 2009; Tolikonda, 2010) . It can be either coarse refuse or fine refuse, depending on the particle size (SME, 1973) . According to Stevens (2016), the pile material at Royal Scot site falls under the first category which is a coarse coal refuse classified by ASTM D-2487 as a poorly graded sand with gravel (American Society for Testing and Materials, 1991) . It presents a grain size ranging from greater than two inches (50.8 mm) to fines (>0.074 mm).
The coal refuse pile at Royal Scot is a pyritic shale refuse containing elements such as iron and manganese, which can contribute to water contamination (Santos, 2017) . Environmental problems are erosion and sedimentation, which can contribute to landslides. One of the most urgent issues is the acid mine drainage (AMD) that is currently taking place. Ward (2001) notes that AMD is not only an ecological concern but also an economical issue by reducing the value of recreational fish species and outdoor recreation. This is concerning to the surrounding environment and community. For example, Little Clear Creek, which is located near the site is a renowned fishing area. If this site is left as-is, meaning without any proper closure, it remains a risk to this area and others.
In general, there are two techniques used to manage AMD:
• Source control: prevent or minimize the generation of AMD • Migration measure: minimize the environmental impact of the contaminated streams and rivers. (Johnson & Hallberg, 2005) The current approach being employed at Royal Scot is the "mitigation measure" by applying active chemical processing (Figure 3 ). What this report intends to look at is the possibility of shifting away from mitigation to a source control approach by revegetating and blending with the mineral waste. 
Previous research
The Royal Scot site has been a subject of several research studies. Table 1 summarizes the outcome of the previous research conducted on the Royal Scot project. It compiles the properties of (i) papermill sludge found in the literature, (ii) shale at the Royal Scot site, and (iii) a Short Paper Fiber (SPF) which is marketed as MGro ® . 
Background on cap/cover design
The state of West Virginia is fully responsible for the AMD treatment at Royal Scot because the site is currently considered as no owner/claimer. The treatment is costly which incites the WVDEP to look for a better alternative that is cost-effective and environmentally friendly.
Hence, the WVDEP in partnership with West Virginia University Department of Civil and Environmental Engineering have conducted research based on a geomorphic landform design and a cap/cover system at the existing Royal Scot coal refuse pile (Santos, 2017) .
Santos (2017) studied the 3-Dimensional design and evaluated a hydraulic barrier for the coal refuse at Royal Scot. To do so, two different layers have been described as the desired cover and capping system (Refer to Figure 4 ) for the project:
• Hydraulic barrier/Impermeable layer: it is a 60-cm layer.
• Growth layer: it is a 30-cm vegetative layer. (Santos et al., 2017) A cap and cover system completes two main roles: minimizing the water precipitation infiltration from the surface while maintaining the geotechnical stability of the pile, and making the revegetation easier. Explanation of the individual layers follows:
• Growth layer: it provides a medium for vegetation growth. It is generally composed of a coal refused blended with other amendments. (Hopkinson et al., 2017; Lorimer, 2016; Stevens, 2016) • Hydraulic barrier: it primarily limits the precipitation infiltration into the refuse fill.
It is composed of a heavily compacted coal refuse.
Three studies Park (2017) and Santos (2017) and Stevens (2016) have evaluated the hydraulic barrier design whereas this report attempts to review the literature related to the growth layer.
Availability of materials
Three materials are analyzed in this report: MGro ® , sewage sludge, and lumber mill waste. The MGro ® material is produced at the WestRock paper mill in Covington Virginia, about 55 miles south of the Royal Scot site. Three sewage treatment plants ( Figure 5 ) are identified around the project site which can be potential sources of sewage sludge for reclamation application:
• 
LITERATURE REVIEW
Overview of literature
Addressing the issues at the Royal Scot site will require the restoration of the growth layer. Shale can be difficult to revegetate because it has a low pH, high salt water content and a poor waterholding capacity (Daniels, Stewart, & Zipper, 1996; Joost, Olsen, & Jones, 1987; Li & Daniels, 1997) . The three methods that show promise of restoring the growth layer ( Figure 4 ) are the application of papermill sludge, sewage sludge and wood residue.
Papermill sludge
Papermill sludge contains Short Paper Fiber (SPF), which is a co-product that is manufactured in the papermaking process. It is composed primarily by wood fiber, lime and clay, as well as excess organisms (Laubenstein & Field, 1994) . The SPF product from WestRock paper mill, commercially called MGro ® , is a mixture of solids from primary clarification (85%) and residual from biological wastewater (15%). Table 2 summarizes the main components of MGro ® , taken from the Material Safety Data Sheet (Greg Cox, personal correspondence). 
Sewage sludge
Sewage sludge is a by-product produced during sewage treatment of industrial or municipal wastewater. It refers to the solid residue that remains after sewage is treated, such as reducing concentrations of easily decomposable organic materials. Its characteristics depends on the sewage quality and the processes (Singh & Agrawal, 2008) . In general, sewage sludge contains: organic compounds, macronutrients, a wide range of micronutrients, non-essential trace metals, organic micro pollutants, and microorganisms (Kulling, 2001) .
Lumber mill waste (or wood residue)
Lumber mill waste (or wood residue) relates to the primary timber processing mill residues (McKeever, D.B. 2004) . It is mainly composed of bark, wood chips, and sawdust. For instance, a wood residue from a sawmill in northeastern Wyoming consists of: 45% of bark, 20% of woodchips, and 35% of sawdust (Smith, Schuman, De Puit, & Sedbrook, 1985) .
These advantages make sludges an interesting option for soil application. However, their application as soil amendments may also present other unintended risks to the environment and to worker safety. Alvarenga et al. (2015) and Singh and Agrawal (2008) found that:
• Sewage sludge application may contribute to NH3 (ammonia) emissions, potentially contamination with pathogenic microorganisms, and increase bioavailability of heavy Based on the literature and for application as growth layer at the Royal Scot site, it has been found that these methods and materials are:
• Cost effective and environmentally sustainable (Tordoff et al., 2000) • May reduce the cost of waste disposal (Izu et al., 1997) • May increase soil fertility (Sheoran, Sheoran, & Poonia, 2010) • May minimize Acid Mine Drainage (AMD) infiltration (Daniels et al., 1995; Maltby, 2005) and therefore reduce the cost of AMD treatment (Laubenstein, 2004) • Can increase the pH and the organic matter content of the soil (Vasconcelos & Cabral, 1993) These publications were chosen because they address:
• the reclamation practice of mine refuse disposal
• the establishment of vegetation on disturbed land especially on coal mine refuse
• the application of either papermill sludge or sewage sludge for revegetation purpose
The references used are not recent because of two reasons:
• Sludges are currently used as a "constituent in landfill covers or roadbeds" (Simpson & Zimmie, 2005) rather than in promoting revegetation for growth layers.
• The topic "revegetation of coal refuse material using sludges" is currently not studied due to the lack of research funding from the mining companies and regulatory agencies. Table 4 and 5 evaluate the major articles that were surveyed related to papermill and respectively sewage sludge application. They present an overview of each reference, highlighting the objective, the method used, and the sludge application. 
Favorable soil properties for growth layer
A successful revegetation mainly depends on the properties of the growth media. A growth medium is a solid, liquid or semi-solid designed to support the growth of microorganisms or cells (Madigan & Martinko, 2006) . According to the Food and Agriculture Organization of the United Nations ( Retrieved from http://www.fao.org/soils-portal/about/all-definitions/en/ on Jan 15, 2018), soil is the natural medium for the growth of plants.
Among others, the following summarizes the most important characteristics of soil that impact grass growth (Stichler, 2002) :
• Temperature: minimum 40-42°F for cool season grasses and 60-65°F for warn season grasses.
• Texture: Compared to sandy soil, clay particles have higher water holding capacity, higher cation exchange capacity (CEC), and therefore more fertile. However, sand particles provide greater amount of oxygen for root growth in comparison to clay.
• Nutrients/Fertilizer: Nitrogen is the most often deficient.
For most warm season grasses, N-P-K ratio of 4-1-3 or 50-15-40 pounds is suggested to produce a ton of forage. Sludges and wood residue are great sources of nitrogen nutrient.
• Salinity: Low concentration of salt is desirable for grass roots development.
• pH: too high or too low pH is not appropriate for grass growth. Optimum pH for most grass is 6.5 to 7.0.
• Organic matter: high level of organic matter is needed. Table 6 shows that the properties of coal refuse present unfavorable conditions for grass growth. Source: (Li & Daniels, 1997; Stewart & Daniels, 1992; Stichler, 2002) 
Literature review of papermill sludge for coal refuse reclamation
This section examines how papermill sludge has been found to address the problems of shale (high surface temperature, low water holding capacity, low soil and drainage pH, low organic content, etc…) and how it can promote revegetation and reduce AMD. Camberato et al. (2006) and Li and Daniels (1997) affirm that sludge application on shale improves water holding capacity and infiltration resulting in surface moderate temperature, no waterlogging and/or runoff. As a confirmation, Laubenstein (2004) states that a SPF topsoil has 300% more water holding capacity compared to regular topsoil where 90% to 95% water is available for plant growth. These benefits definitely reduce irrigation requirement which is a valuable benefit on cost reduction (Camberato et al., 2006) , refer to Table 7 . 
Water holding capacity
Effect on drainage and soil pH
Laubenstein (2004) illustrates a drainage pH change from 2.8 to 9 in three months following an SPF addition. Apart from increasing the pH, Li and Daniels (1997) highlights that it also stabilizes the soil pH. Hence, Daniels et al. (1996) accentuate the importance of papermill sludge on acidic soils reclamation in terms of liming benefit, refer to Table 8 . 
Acid Mine Drainage and leachate quality
According to Daniels et al. (1996) , it is very likely that acidic shales will produce AMD in the Appalachian region. The references acknowledge that the application of papermill sludge on shale can treat/reduce AMD and improve water quality. Li and Daniels (1997) indicate that papermill sludge application would improve leachates quality resulting in higher pH and lower toxic metals. Apart from papermill sludge, Daniels et al. (1996) bring up that addition of lime is also beneficial for a long-term AMD control. And more importantly, Laubenstein (2004) specifies a 80% AMD treatment cost reduction following SPF addition, refer to Table 9 . 
Soil organic content
According to Camberato et al. (2006) , high rate sludge application results in a permanent effect on supplying soil organic matter compared to low rate application. Also, they comment that sludge application improves soil physical properties: it lowers the bulk density, provide a greater soil aggregation, and mainly it increases the soil organic matter.
Papermill sludges are mainly composed of cellulose fiber as organic content: approximately 15-35% hemicellulose, 40-45% cellulose, and 20-30% lignin (Camberato et al., 2006) , while shale is practically composed of zero organic content. Hence, the application of papermill sludge on shale would help compensate this organic content gap. Li and Daniels (1997) conclude that yields of biomass increase on area where papermill sludge and low N-fertilizer rate are applied. In contrary, yields decrease on areas where high-rate Nfertilizer and no-papermill sludge are applied.
Grass biomass
From their review, when applying papermill sludge as soil amendments, Camberato et al. (2006) affirm that yields are higher with N-fertilizer than without it, refer to Table 10 . Daniels et al. (1996) argue that fertilizer is a must for revegetation of shale. In addition, Camberato et al. (2006) state that papermill sludge combined with fertilizers proved a source of nutrients N-P-K. However, the latter do not mention any recommended rates. Li and Daniels (1997) note that to promote revegetation, high papermill sludge rate has a positive impact but high N-fertilizer has a negative impact.
Three different rates were mentioned in the literature for a successful vegetation establishment on shale:
1. Li and Daniels (1997) recommend:
• 112 Mg/ha papermill sludge,
• 112 kg/ha N-fertilizer • Balanced P and K fertilization 2. Daniels et al. (1996) Cyphers et al. (in press) Photo courtesy of Levi Cyphers 3.3.7. Species and seed mixture used for revegetation Daniels et al. (1996) and Li and Daniels (1997) report two different seed mixtures that have proved to be successful for revegetation on coal refuse. The seed mixtures are different but they have species in common such as: annual ryegrass, redtop, birdsfoot trefoil, and yellow sweet clover, refer to Table 12 . 
Literature review of sewage sludge for coal refuse reclamation
This section examines how sewage sludge has been found to address the problems of shale and how it can promote revegetation and reduce AMD. Sopper (1992) reported that the addition of municipal sludge for land reclamation application decreased the soil water holding capacity, its bulk density, and its temperature. In addition, the surface runoff and erosion are reduced and therefore sedimentation decreases.
Water holding capacity, surface runoff and temperature
A low soil bulk density value is an important parameter because it indicates the ability of the soil to promote root growth, and therefore improve vegetation cover, then consequently reduce the surface runoff and erosion. This advantage of vegetation growth resulted from municipal sludge application aligns with the goal to be reached at the Royal Scot project. Hence, this material is appropriate to use on the site.
Effect on soil pH
The literature outlines an augmentation on soil pH following the application of sewage sludge for revegetation and land reclamation. But instead of using sewage sludge alone, they also mention the use of lime/limestone as complementary material.
For instance, as per Pietz et al. (1989) , the combination of sewage sludge and lime is the most effective way to reduce coal refuse acidity and maintaining its pH. They note that "Sewage sludge alone may not be sufficient in ameliorating the acidic conditions in the presence of an abundant supply of pyritic minerals". Joost et al. (1987) report an increase of pH from 2.7 to 4.4-5.2 in coal refuse amended with dried sewage sludge and/or limestone. Following the application of municipal sludge and lime on a deep mine anthracite refuse bank, Seaker and Sopper (1983) record a pH increase from 3.7 to 5.4 in 4 years at 0-15cm depth. Also, Sopper (1992) notes that the pH of coal refuse rises from 2.6 to 5.3 when it is amended with municipal sludge at a rate of 450 to 900 Mg/ha, and applied with or without limestone, refer to Table 13 . Table 13 . Liming benefit of sewage sludge application (Pietz et al., 1989 ) (Joost et al., 1987) (Seaker & Sopper, 1983 ) (Sopper, 1992) Liming benefit after papermill sludge application Sewage sludge + lime -most effective in maintaining refuse pH and reducing acidity.
Dried sewage sludge and/or limestone -pH increased from 2.7 to 4.4 to 5.2
Sludge and limeinitial pH of refuse increases from 3.7 to 5.9 in 4 years at 0-15 cm depth Sludge (rate of 450 to 900 Mg/ha) with/without limestone -pH of coal refuse increased from 2.6 to 5.3
Based on these findings, sewage sludge could be used at Royal Scot site to increase the shale pH.
The application of sewage sludge together with lime/limestone may be beneficial as it can increase the shale pH and thereafter maintain it.
Pile slope
The slope is an important factor that influences vegetation growth on coal refuse. This matter shows up in (Sopper, 1992) . He points out that the shale slope must be less than 6.7:1 (15%) for revegetation purpose. However, as stated in Lorimer (2016) , some of existing pile at Royal Scot presents a slope greater than 2:1 (50%) which is definitely not favorable for revegetation. Hence, a major re-grade of the pile is necessary for a successful vegetation cover, bringing the pile from 50% to less than a 15% grade.
Acid Mine Drainage and leachate quality
Municipal sewage sludge can be used for AMD treatment. But, Seaker and Sopper (1983) noticed that sludge alone is not able to change the groundwater pH. The application of municipal sludge with lime and then followed by revegetation is able to increase the groundwater pH from 4.6 to 6.0 in 4 years (Sopper, 1992) .
Based on the recommendations above, municipal sludge with lime should work well at the Royal Scot project site given the objectives of revegetation and AMD treatment. Sopper (1992) acknowledges the importance of organic matter content in sludge for soil amendment. In addition, Joost et al. (1987) noticed a rise of coal refuse organic content by 2.0 to 2.5 times compared to the spots amended with limestone or unamended. Hence, sewage sludge is a valuable material for supplying organic content in soil, an essential parameter for a successful revegetation, refer to Table 14 . (Joost et al., 1987) (Seaker & Sopper, 1983 ) (Sopper, 1992) Organic content capacity Not mentioned Sewage sludge applicationorganic matter in shale increased by 2.0 to 2.5 times than limestone amended of unamended.
Soil organic content
Not mentioned
Organic matter content is the most beneficial property of sludge
Grass biomass
During their five-year experience, Seaker and Sopper (1983) noted that yield biomass increases during the first three years of sludge application, and it decreases thereafter. Joost et al. (1987) noticed that the yield biomass is not related to the grass species used. For instance, they observed during their experience, using sewage sludge as an amendment, that the yield biomass from three different grass species is almost the same. Furthermore, the sludge amended plot provided more yield biomass than those amended with organic fertilizers. In summation, sewage sludge is efficient in providing short-term biomass, refer to the Table 15 . (Joost et al., 1987) (Seaker & Sopper, 1983 ) (Sopper, 1992) Grass biomass after sludge application 
Nutrients
According to Sopper (1992) , the macronutrient of forage grasses are the same for sludge amended and inorganic fertilizer amended plots. Seaker and Sopper (1983) emphases that there is no change in the Nitrogen nutrient proportion following sludge application. Therefore, the application of sludge or inorganic fertilizer provide the same results as far as macronutrient proportion is concerned, refer to Table 16 . 
Suggested application rate of sludge for revegetation purposes
Literature suggests different rates of sludge application according to the objective to be reached whether it is for long-term or short-term vegetation establishment or safe sludge disposal.
Additional lime might be needed in some cases.
1. For long-term consideration (more than five years), Pietz et al. (1989) recommend:
• Combination of sludge 134 to 189 dry Mg/ha and lime 900 to 1350 Mg/ha
• Sludge alone with rate of 1050 dry Mg/ha 2. For safe sewage sludge disposal and vegetation persistence, Joost et al. (1987) recommend:
• Sludge rate of 900 Mg/ha 3. For short-term purposes (up to five years), Seaker and Sopper (1983) recommend:
• Stabilized municipal sludge up to 108 dry Mg/ha with lime 4. For long-term self-sustaining vegetation and to prevent leaching in groundwater, Sopper (1992) recommend:
• One time application rate of 134 metric tons/ha maximum
• And liming is needed
Based on these recommendations, the fourth option seems to be aligned with the objectives to be reached at Royal Scot site which are: long-term vegetation establishment, self-sustaining vegetation, and reducing AMD generation. Hence, a maximum sludge application of 134 metric tons/ha and additional lime looks promising, refer to Table 17 . 
Species and seed mixture used for revegetation
The literature proposes grass species mixture or alone for the purpose of reclamation, refer to Table 18 . (Pietz et al., 1989 ) (Joost et al., 1987) (Seaker & Sopper, 1983 ) (Sopper, 1992) Species Among the advised species, Joost et al. (1987) concluded that: Reed canarygrass is the most persistent grass and Tall fescue has the poorest persistence. Also, Sopper (1992) outlines that the Redtop specie was the most successful.
Based on the above findings, Redtop specie is recommended for the Royal Scot site. Reed canarygrass is also an option to consider.
Literature review of lumber mill waste (or wood residue or wood waste) for coal refuse reclamation
The application of lumber mill waste may be another option to reclaim and revegetate this site;
however, information on the use of wood residue for coal refuse reclamation is limited. That said, it is known that wood waste cover provides certain advantages such as the ability to enhance the spoil structure, permeability, infiltration rate and therefore promote plant establishment and growth (Voorhees, 1986) . It has also been proven that wood waste material is successful in revegetating and promoting environmental conditions of other mining waste such as bentonite mine spoils (Schuman & Sedbrook, 1984) . Referring to the grain-size of bentonite compared to shale, it seems that bentonite has more fine particles (56.6%) compared to shale (15%). Lunt (1955) found a great soil improvement (soil structure, organic matter content) by applying wood residue on coarse-grained soil. This indicates that applying wood residue to the coal refuse, which contains more coarse particles than bentonite, might enhance the ability of the soil to promote revegetation. Moreover, the literature reveals that the addition of wood waste to soil develops vegetation establishment and soil productivity. Vegetation, in its turn, will improve physical properties of soil by rising the soil organic matter, decreasing the soil bulk density, and moderating soil pH (Sheoran et al., 2010) . The research conducted by Packer and Aldon (1978) showed that applying wood residue at two to three times the level of straw mulch helped to limit erosion and boost revegetation.
As for AMD treatment, Reardon and Poscente (1984) reported that wood waste can be used as an oxygen interceptor for pyritic tailings which results in a reduction of acidity generation and consequently in reduction of AMD. Germain, Tassé, and Cyr (2003) also supports the idea that organic cover such as wood waste can accomplish the role of oxygen barrier and treat transient acidogenic waters. From a laboratory experiment, Markovic et al. (2011) concluded that sawdust application is able to remove heavy metals (iron, zinc, nickel, copper) from AMD. Likewise, Božić, Stanković, Gorgievski, Bogdanović, and Kovačević (2009) found that sawdust can help adsorb heavy metals (zinc, nickel, cadmium, manganese, ion) from AMD. Sheoran et al. (2010) notes that even if wood waste can procure the necessary initial mine soil organic matter, it is deficient in nitrogen. Thus, heavy fertilizer application, especially nitrogen, is needed for vegetation establishment (Daniels & Zipper, 2010) . Smith (1984) recommends the application of 90 ton/ha of wood residue for efficient vegetation establishment. Moreover, Vogel (1981) suggested an additional 7.5 to 12.5 kg N/t of wood residue for N-deficient mine soils.
Rainbow (2012), who presented the testing performed at Glasgow University's Department of Agricultural Chemistry, discussed that blending coal spoil with wood waste can boost the ability of the soil for revegetation by improving its properties (water and nutrient holding). The report suggests a successful proportion of wood waste:coal spoil ranging from 1:1 to 1:2. The results of this research also found even more improvement of soil properties using a blend composed of coal spoil, wood waste and sewage sludge. Mannion (2014) affirms that wood waste provides organic matter while sewage sludge supplies nitrogen to the soil.
In summary, wood residue shows promise in revegetation and presents environmental benefits. It can reduce erosion, decrease AMD generation, and promote vegetation cover. For these reasons, it could be successful if applied at the Royal Scot site.
DISCUSSION AND RECOMMENDATIONS
The purpose of this report was to reveal how the literature describes the effectiveness of three topsoil substitutes: papermill sludge, sewage sludge and lumber mill waste. When comparing these three substitutes in the context of the current conditions and objectives at the Royal Scot site, it appears that papermill sludge and sewage sludge offer the best results.
Table 20 present a comparison between papermill and sewage sludges, focuses on the specific issues of erosion, AMD reduction, and revegetation. Table 20 shows that the effect of papermill and sewage sludges application on soil are similar in some ways, they both:
• Improve the water holding capacity and reduces surface runoff, which helps to reduce soil erosion and sedimentation
• Increase the soil pH, thus reducing AMD generation
• Increase soil organic matter and decrease bulk density, which is essential for vegetation growth
But they also reveal major differences that may impact significantly the cost of revegetation:
• While papermill sludge application require fertilizer and lime supplement, the sewage sludge only needs lime or limestone.
• Sewage sludge is more accessible being approximately 25 to 45 miles away from the Royal Scot site compared to the papermill sludge supply, which is about 55 miles away.
Hence, it appears that both papermill and sewage sludge are well-suited materials to deal with the issues at Royal Scot, but sewage sludge might be the one which provides greater results especially in term of cost. Table 21 summarizes the best practices and advisable methods that appears to be applicable for coal refuse pile. It proposes recommendations that should be fully considered for the long-term goal to revegetate the Royal scot refuse pile. 
N/A: Not available
As for the third substitute, wood residue, it could be a potential material for revegetating coal refuse material. When applied with N-fertilizer, it has been proved to be effective in other mine spoil reclamation. However, further research and experimentation are needed to determine its effectiveness on coal refuse.
In conclusion, the application of sludges on soil provides positive effects, but they may also bring unexpected outcomes. To avoid and understand these, it is recommended to characterize the sludge beforehand, such as running tests to determine:
• Physicochemical parameters
• Total and bioavailable heavy metals (Cd, Cr, Cu, Ni, Pb, Zn, and Hg)
• Organic contaminants
• Pathogenic microorganisms
• Stability and phytotoxicity indicators (Alvarenga et al., 2015) .
CONCLUSION
This report concludes that papermill and sewage sludges are suitable solutions for revegetating shale. When comparing the two, sewage sludge seems the most effective material to deal with the short-term and most urgent issue at the Royal Scot site which is the AMD and does so in a way that follows a source control approach. When combined with lime, sewage sludge also appears to be effective for meeting the long-term goal of revegetating the site in a sustainable way. As for the third method, the application of wood residue, it could be an alternative material but still requires further research.
The findings from this study provide insights to the mining industry about the materials and methods that can be applied for reclaiming and revegetating coal refuse. This report also contributes to the understanding of sewage sludge which can be a substitute of papermill sludge that is currently proposed on Royal Scot site. These observations can open doors to other research topics as well, such as the application of wood residue for coal refuse reclamation, the cost-effectiveness of sewage sludge application to Royal Scot site; and the application of sewage sludge can be incorporated as part of a coal refuse restoration plan as well.
